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SENSINGAPPARATUS AND METHOD FOR 
DETECTING STRAN BETWEEN FIBER 
BRAGG GRATING SENSORS NSCRBED 

NTO AN OPTICAL FIBER 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to a sensing apparatus and 

method for detecting strain on an optical fiber and, more 
particularly, to a sensing apparatus and method for detecting 
strain between fiber Bragg grating sensors inscribed into an 
optical fiber. 

2. Description of the Related Art 
Fiber Bragg grating (FBG) sensors (hereinafter inter 

changeably referred to as either FBG sensors or fiber Bragg 
grating sensors) have attracted considerable interestin sens 
ing strain on a fiber, due to the intrinsic nature and 
wavelength-encoded operation of FBG sensors. Each FBG 
sensor has a characteristic Bragg wavelength (and corre 
sponding characteristic Bragg frequency) and only reflects 
light having a wavelength approximately equal to that 
wavelength. In prior devices, strain on a FBG sensor pro 
duces a wavelength shift in the light reflected by the FBG 
sensor by stretching the grating, and hence lengthening the 
spacing between grating 

In such devices, a plurality of FBG sensors, each having 
a different Bragg wavelength, can be inscribed into a length 
of optical fiber and selectively addressed using either 
wavelength-division, or time-division, multiplexing to 
determine the strain at each respective FBG sensor. For 
example, a fiber having FBG sensors inscribed therein can 
be embedded into advanced composite materials to allow 
real time evaluation of load, strain, temperature, vibration 
and other such factors affecting the composite material. A 
composite material embedded with FBG sensors is typically 
referred to as a "smart structure'. 

In such fiber optic sensor systems, strain is determined 
only at each point in the fiber where an FBG sensor is 
inscribed. This point-by-point detection of strain is referred 
to as "quasi-point" sensing. Unfortunately, a conventional 
fiber optic sensor system utilizing FBG sensors cannot 
detect the strain between individual FBG sensors. 

FIGS. 1(A) through (C) illustrate this. FIG. 1(A) is a 
schematic illustrating a fiber embedded in structure 20 for 
detecting strain on the structure. Fiber 22 is inscribed with 
a plurality of FBG sensors, FBG, ..., FBG, where N 
equals the number of FBG sensors. Member 20 is subject to 
stress, which, because fiber 22 is embedded in member 20, 
produces a corresponding stress continuously along fiber 22, 
including stresses e1, . . . . e.v at respective gratings FBG, 
. . . . FBG. As illustrated in FIG. 1(A), structure 20, such 
as a concrete beam, has a crack 21. A light source (not 
illustrated) transmits a light beam 26 into fiber 22. Each of 
FBG sensor of FBG, . . . . FBG has a respectively 
corresponding Bragg wavelength, 1,..., Av, and reflects 
light at approximately the corresponding Bragg wavelength. 
Therefore, for example, FBG only reflects light having 
approximately the corresponding Bragg wavelength of 
FBG. Similarly, FBG only reflects light having approxi 
mately the corresponding Bragg wavelength of FBG. A 
coupler 28 receives light reflected from FBG, ..., FBG 
The wavelength of the reflected light received by coupler 28 
is analyzed to determine the strain on each respective FBG 
sensor of FBG, ..., FBG For example, if the reflected 
light received by coupler 28 is filtered to isolate light having 
a wavelength corresponding to a band surrounding Bragg 
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2 
wavelength of FBG, presence of an optical signal 
indicating a reflection from FBG. By analyzing how far the 
center wavelength of the light reflected by FBG has shifted 
from nominal center, one can determine by how much the 
grating has stretched, and thus what the stresse, is at FBG 
which produced the stretching. In the same manner, the 
strains, e. . . . , e, respectively corresponding to FBG 
sensors FBG, ... FBG can also be determined. 

FIG. 1(B) is a graph illustrating the strain on structure 20 
in relation to distance along structure 20. As illustrated by 
FIG. 1(B), structure 20 experiences stress spike 25 at the 
formation of crack 21. Because stress is so high at crack 25, 
structure 20 will more likely fail there than elsewhere, a fact 
which one would like to know beforehand. Unfortunately, 
because stress is measured at the gratings, rather than 
between them, this may not be the case. 

FIG. 1(C) illustrates this by a graph showing measured 
strain at each of FBG, ..., FBG. The measured strain on 
FBG, ..., FBG. The tail of stress spike 25 causes the 
stresses 27, 29 across FBG and FBG to increase somewhat 
compared to stresses 32,33 across FBG and FBG, but not 
dramatically so, certainly no by an amount to alert on to 
stress spike 25. 

Therefore, as illustrated by FIGS. 1(A), 1(B), and 1(C), a 
conventional fiber optic sensor system only detects the strain 
at individual points in a structure where an FBG sensor is 
inscribed, and cannot detect the strain between the indi 
vidual points. Thus, a conventional fiber optic sensor system 
would not detect crack 21 in structure 20. 

SUMMARY OF THE INVENTION 
Accordingly, it is an object of the present invention to 

provide a sensing apparatus and method which detects strain 
between individual FBG sensors of an FBG sensor array 
inscribed in a fiber. 

It is a further object of the present invention to provide a 
sensing apparatus and method which use the optical propa 
gation times corresponding to individual FBG sensors of an 
FBG sensor array inscribed in a fiber, to determine the 
integrated strain over a fiberlength between respective FBG 
SenSOIS. 

It is also an object of the present invention to provide a 
sensing apparatus and method which uses wavelength 
division-based addressing to selectively address individual 
FBG sensors of an FBG sensor array inscribed in a fiber, and 
an RF subcarrier to determine the optical propagation time 
between respective FBG sensors of the FBG sensor array. 

Objects of the present invention are achieved by a sensing 
apparatus which includes a fiber inscribed with a first fiber 
Bragg grating sensor and a second fiber Bragg grating 
sensor, and a strain detection unit detecting the strain 
between the first fiber Bragg grating sensor and the second 
fiber Bragg grating sensor. 

Objects of the present invention are also achieved by 
providing a sensing apparatus having a strain detection unit 
and a fiber inscribed with fiber Bragg grating sensors, 
wherein the fiberis inscribed with a first fiber Bragg grating 
sensor having a corresponding Bragg wavelength and which 
reflects light at approximately the corresponding Bragg 
wavelength, and a second fiber Bragg grating sensor having 
a corresponding Bragg wavelength and which reflects light 
at approximately the corresponding Bragg wavelength. The 
strain detection unit projects light into the fiber, and includes 
a modulator which modulates the light projected into the 
fiber with an RF signal. 

Strain on the fiber causes an elongation or contraction of 
the fiber. This elongation or contraction of the fiber causes 
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a change in the round-trip propagation time of light pro 
jected into the fiber and reflected by the first or second fiber 
Bragg grating sensor, thereby causing a phase change in the 
phase of the RF signal modulated on the light projected into 
the fiber. Therefore, the strain detection unit includes a phase 
detector which detects the phase change of the RF signal. 
This phase change is related to the change in the optical 
propagation time. 
More specifically, the phase detector receives the RF 

signal as a reference signal. The phase detector (a) detects, 
with respect to the reference signal, the phase of the RF 
signal modulated on the light projected into the fiber and 
reflected by the first fiber Bragg grating sensor, and (b) 
detects, with respect to the reference signal, the phase of the 
RF signal modulated on the light projected into the fiber and 
reflected by the second fiber Bragg grating sensor. The strain 
detection unit also includes a strain computation unit which 
computes the strain between the first fiber Bragg grating 
sensor and the second fiber Bragg grating sensor from the 
detected phase of the RF signal modulated on the light 
projected into the fiber and reflected by the first fiber Bragg 
grating sensor and the detected phase of the RF signal 
modulated on the light projected into the fiber and reflected 
by the second fiber Bragg grating sensor. 

Objects of the present invention are further achieved by 
providing a method for sensing strain on a fiber. The method 
includes the steps of (a) providing a fiber inscribed with a 
first fiber Bragg grating sensor and a second fiber Bragg 
grating sensor, (b) projecting light into the fiber at approxi 
mately the Bragg wavelength corresponding to the first fiber 
Bragg grating sensor so that the light at approximately the 
Bragg wavelength of the first fiber Bragg grating sensor is 
reflected by the first fiber Bragg grating sensor, (c) project 
ing light into the fiber at approximately the Bragg wave 
length corresponding to the second fiber Bragg grating 
sensor so that the light at approximately the Bragg wave 
length of the second fiber Bragg grating sensor is reflected 
by the second fiber Bragg grating sensor, (d) modulating the 
light projected into the fiber with an RF signal, (e) detecting, 
with respect to the RF signal as a reference signal, the phase 
of the RF signal modulated on the light projected into the 
fiber and reflected by the first fiber Bragg grating sensor, (f) 
detecting, with respect to the RF signal as a reference signal, 
the phase of the RF signal modulated on the light projected 
into the fiber and reflected by the second fiberBragg grating 
sensor, and (g) computing the strain between the first fiber 
Bragg grating sensor and the second fiber Bragg grating 
sensor from the detected phase of the RF signal modulated 
on the light projected into the fiber and reflected by the first 
fiber Bragg grating sensor and the detected phase of the RF 
signal modulated on the light projected into the fiber and 
reflected by the second fiber Bragg grating sensor. 

Additional objects and advantages of the invention will be 
set forth in part in the description which follows and, in part, 
will be apparent from the description or may be learned by 
practice of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

These and other objects and advantages of the invention 
will become apparent and more readily appreciated from the 
following description of the preferred embodiments, taken 
in conjunction with the accompanying drawings of which: 

FIG. 1(A) (prior art) is a diagram illustrating a fiber 
inscribed in a structure for detecting strain on the structure. 

FIG. 1(B) (prior art) is a graph illustrating the strain on the 
structure illustrated FIG. 1(A). 
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4 
FIG. 1(C) (prior art) is a graph illustrating the measured 

strain on FBG sensors inscribed in the structure illustrated in 
FIG. 1(A). 

FIG. 2(A) is a diagram illustrating the strain between two 
individual FBG sensors inscribed in a fiber, according to an 
embodiment of the present invention. 

FIG. 2(B) is a diagram illustrating the phase of light 
reflected by individual fiber Bragg grating sensors inscribed 
in a fiber, according to an embodiment of the present 
invention. 

FIG. 3(A) is a diagram illustrating a sensing system for 
sensing strain on a fiber inscribed in a structure, according 
to an embodiment of the present invention. 

FIG. 3(B) is a graph illustrating the strain on the structure 
illustrated FIG. 3(A). 

FIG. 3(C) is a graph illustrating the strain on the structure 
illustrated FIG. 3(A), as detected by a conventional sensing 
system. 

FIG. 3(D) is a graph illustrating the strain on the structure 
illustrated FIG. 3 (A), as detected by a sensing system 
according to the invention. 

FIG. 4 is a diagram illustrating a sensing system, accord 
ing to an embodiment of the present invention. 

FIG. 5 is a diagram illustrating a sensing system, accord 
ing to an additional embodiment of the present invention. 

FIG. 6 is a diagram illustrating an experimental setup to 
test a sensing system using RF subcarrier modulation to 
modulate light projected from a light source, according to an 
embodiment of the present invention. 

FIG. 7 is a graph illustrating a frequency shift observed 
with the experimental setup in FIG. 6 for several calculated 
fiber strains applied between FBG sensors inscribed in a 
fiber, according to an embodiment of the present invention. 

FIG. 8 is a graph illustrating a time response observed 
with the experimental setup in FIG. 6 as fiber between FBG 
sensors is strained, according to an embodiment of the 
present invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Reference will now be made in detail to the present 
preferred embodiments of the present invention, examples 
of which are illustrated in the accompanying drawings, 
wherein like reference numerals refer to like elements 
throughout. 

FIG. 2(A) is a diagram illustrating the strain between two 
individual FBG sensors inscribed in a fiber, and FIG. 2(B) 
is a diagram illustrating the phase of light reflected by the 
FBG sensors illustrated in FIG. 2(A), according to an 
embodiment of the present invention. As illustrated in FIG. 
20A), a tunable light source (not illustrated) transmits light 
32 into fiber 22 at approximately the Bragg wavelength 
of FBG, and then transmits light 32 at approximately the 
Bragg wavelength of FBG. FBG reflects light 33 which 
is at approximately the Bragg wavelength , and FBG 
reflects light 35 which is at approximately the Bragg wave 
length . Light 33 is analyzed to determine the round trip 
travel time t of light 33, and light 35 is analyzed to 
determine the round trip travel time t of light 35. The times 
1, and t indicate the optical propagation time between 
FBG and FBG. This optical propagation time changes as 
strain on fiber 22 causes an elongation or contraction of the 
length of fiber 22. Therefore, according to embodiments of 
the present invention, the differential strain ea between 
FBG and FBG is determined from the measured phases 1 
and t2. 
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FIG. 3(A) is a diagram illustrating a sensing system for 
sensing strain on a fiber inscribed in a structure, according 
to an embodiment of the present invention. As illustrated in 
FIG. 3(A), fiber 22 has FBG sensors FBG, . . . , FBG 
inscribed therein. A conventional broadband source 34 pro 
duces broadband light which is modulated with an RF signal 
by a conventional RF modulator 36, and then transmitted 
into fiber 22. Since the light transmitted into fiber 22 by 
broadband source 34 is modulated with an RF signal (not 
shown), the light transmitted into fiber 22 can be referred to 
as a "carrier" signal and the RF signal modulated thereon 
can be referred to as an RF “subcarrier” signal. The RF 
subcarrier modulated light transmitted into fiber 22 is 
reflected by each respective FBG sensor of FBG, . . . , 
FBG at the corresponding Bragg wavelength. A conven 
tional tunable filter 38 is selectively and sequentially tuned 
to approximately the Bragg wavelength of each FBG sensor 
of FBG, ..., FBG to determine the reflected signal from 
each FBG sensor. More specifically, according to embodi 
ments of the present invention, the output of tunable filter 38 
is analyzed to determine the phase change of the RF sub 
carrier modulated on the light projected into fiber 22 and 
reflected from each FBG sensor of FBG, ..., FBG. The 
strain between respective FBG sensors of FBG, ..., FBG 
is determined from the detected phase change. 
As illustrated in FIG. 3(A), structure 20 has a crack 40 

therein. Crack 40 produces stress spike 25 on structure 20. 
FIG. 3(B) is a diagram illustrating the stress resulting from 
crack 40 in structure 20, wherein the x axis in FIG. 3(B) 
represents the length of structure 20. As illustrated by FIGS. 
3(A) and 3(B), crack 40 is between FBG and FBG, and the 
stress corresponding to crack 40 is between FBG and 
FBG 

FIG. 3(C) is a graph like that of FIG. 1(c) illustrating the 
strain on structure 20, as detected by a conventional sensing 
system which determines strain on a point-by-point basis at 
each individual FBG sensor. The strain detected by a con 
ventional sensing system is essentially a point sampling, 
along the x axis, of the stress illustrated in FIG. 3(B). For 
example, the strain 31 detected by FBG represents a point 
sample of the stress illustrated in FIG. 3(B) at the point in 
structure 20 where FBG is inscribed. Therefore, as previ 
ously described, a conventional sensing system does not 
detect strain between individual FBG sensors. As a result, as 
illustrated by FIG. 3(C), the stress from crack 40 is not 
detected by a conventional sensing system since the stress 
from crack 40 is between FBG sensors. 

FIG. 3(D) is a graph illustrating the integrated strain 
between consecutive Bragg gratings in structure 20, as 
detected by a sensing system according to an embodiment of 
the present invention. As illustrated by FIG. 3(D), the strain 
ea between individual FBG sensors of FBG, ..., FBG 
is detected. For example, FIG. 3(D) illustrates the strain 
detected between FBG and FBG as e- and the strain 
detected between FBG and FBG as ea. As illustrated by 
FIG. 3(D), the strain between FBG and FBG is much 
higher than the strain between other FBG sensors, thereby 
indicating very highly stressed areas between, but away 
from, Bragg gratings FBG and FBG, despite the relatively 
low strain measurements e1, e2, e3, ..., ex made at gratings 
FBG, ..., FBG 

FIG. 4 is a diagram illustrating a sensing system, accord 
ing to an embodiment of the present invention. A conven 
tional tunable laser 42 projects light into fiber 22 and is 
selectively tunable to the respective Bragg wavelengths 
corresponding to each FBG sensor of FBG, ..., FBG. The 
light projected by tunable laser 42 is intensity modulated by 
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6 
a conventional intensity modulator 44 with an RF signal 
(hereinafter referred to as an "RF subcarrier signal") having 
a frequency off, and produced by a conventional RF drive 
46. The RF subcarrier modulated light is transmitted into 
fiber 22 and then reflected by a respective FBG sensor of 
FBG, ..., FBG having a Bragg wavelength corresponding 
to the wavelength of the light projected by tunable laser 42. 
The RF subcarrier signal is modulated onto the light 

projected into fiber 22. Strain on fiber 22 between two 
respective FBG sensors causes fiber 22 to be contracted or 
elongated, thereby effecting the relative optical propagation 
times of light transmitted into fiber 22 and reflected by the 
two respective FBG sensors. Thus, for at least one of the 
FBG sensors, the round-trip propagation time changes for 
light transmitted into fiber 22 and reflected by the FBG 
sensor. This change in the round-trip propagation time 
causes a shift in the phase between the reflected RF signal 
and RF drive 46, the latter acting as system reference. 

Referring again to FIG. 4, light reflected by each FBG 
sensor of FBG, ..., FBG is received by a conventional 
coupler 48 and directed to a conventional detector 50 which 
converts the reflected light signals into electrical signals. 
Detector 50 outputs an electric signal proportional to the 
intensity of the optical input from coupler 48. Optical 
intensity is proportional to the square of an optical signal’s 
electric field. Thus for a continuous wave input, the output 
of detector 50 responsive to reflection from a given Bragg 
grating will be in the form of a sinusoid at the grating's 
characteristic frequency, intensity modulated by a signal 
envelope in the form of a sinusoid squared of the frequency 
of the RF subcarrier. Phase meter 56 receives the outputs of 
detector 50, and RF reference 46 via line 47, compares the 
relative phases of the subcarrier envelope and reference 46 
in a conventional manner to determine the amount d by 
which the phases differ, and records d in conventional 
memory 58. After preferably addressing each grating 1 
through N in this manner, memory 58 will have recorded a 
corresponding phase (p1, . . . , (by for each grating. Compu 
tation unit 60, e.g. a conventional digital processor, calcu 
lates and stores the phase difference of reflections between 
each consecutive pair of Bragg gratings, i.e. (-), c)-3, . 
., d -b. As discussed above, each of these phase 

differences is proportional to stress induced elongation of 
fiber 22, from which one can calculate the total, or 
integrated, stress between the respective gratings. 
Additionally, computation unit 60 preferably, reports corre 
sponding inter-grating stresses e1-2,..., ex-y via outputs 
61. 
The electrical signals produced by detector 50 are 

received in parallel by a phase meter 56 and a conventional 
peak detector 52 which detects the optical frequency of 
reflected light. The frequency response of a typical Bragg 
grating having a characteristic optical frequency is that of 
any resonant system, i.e. has peak reflection at the 
characteristic, or resonant, optical frequency, and continual, 
generally sharp, decreasing reflectance with increasing dis 
tance from the characteristic optical frequency. Peak detec 
tor 52 determines the optical frequency which is reflected 
most strongly from the Bragg grating being addressed, and 
forwards this information to controller 54 for determining 
spectral intensity. Peak detector 42 could be a simple spec 
trum analyzer, or any other conventional means. For 
example, one could design controller 54 to cause laser 42 to 
produce a constant intensity, frequency chirped, optical 
signal, and then proceed as before to determine which 
optical frequency of the chirped signal reflects most 
strongly. 
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The wavelength corresponding to the peak detected by 
peak detector 52 can preferably be used by wavelength 
controller 54 to selectively tune tunable laser 42 to a 
frequency corresponding to a Bragg wavelength of a differ 
ent FBG sensor of FBG, ..., FBG For example, FBG, 
..., FBG can be sequentially arranged in fiber 22 so that 
the corresponding Bragg wavelength of each respective 
FBG sensor increases as the respective FBG sensoris further 
positioned down fiber 22. Therefore, FBG would have the 
lowest Bragg wavelength and FBG would have the highest 
Bragg wavelength. Then, wavelength controller 54 can 
receive the wavelength of a reflected signal and can incre 
mentally tune tunable laser 42 in “steps” to efficiently 
control tunable laser 42 so that each FBG sensor of FBG 
..., FBG is individually addressed. Thus, peak detector 52 
and wavelength controller 54 together function as a laser 
controller to detect the wavelength of light reflected by 
FBG, . . . . FBG and to use the detected wavelength to 
selectively tune tunable laser 42. 
The respective phases measured by phase meter 56 are 

stored in a conventional sample-hold device 58. Sample 
hold device 58 is a conventional memory device which 
simply holds the phase values measured by phase meter 56. 
Wavelength controller 54 is connected to sample-hold 
device 58 so that each respective phase stored in sample 
hold device 58 can be accessed by referring to the wave 
length of the corresponding signal. Therefore, sample-hold 
device 58 stores phases d, ...,dy measured by phase meter 
56 with respect to the RF reference 46, and which 
correspond, respectively, to the phases of the RF subcarrier 
signal modulated on light reflected by FBG, . . . . FBGy. 
The elongation of fiber 22 between any two of the Bragg 
gratings is proportional to the strain between the gratings, as 
is the increased propagation time of an optical signal 
between the gratings. Thus knowledge of phases b, ..., (b, 
and the mechanical properties of the material which consti 
tutes fiber 22, permits one to readily calculate the total stress 
between any two of the gratings. Accordingly, strain com 
putation unit 60 computes the differential, or inter-grating, 
phases, b-1, n=2. . . , N, and from this calculates the 
corresponding inter-grating stresses e-1. Therefore, as 
illustrated by FIG. 4, each FBG sensor of FBG, ..., FBG 
is inscribed into fiber 22 to have a different Bragg wave 
length from the other FBG sensors. Thus, each FBG sensor 
of FBG, ..., FBG can be selectively addressed via the 
wavelength of light transmitted into fiber 22 by a light 
source. The Bragg wavelengths of FBG, . . . , FBG are 
chosen so that the wavelengths of reflected signals will not 
overlap even under maximum strain conditions. As an 
example, for an optical wavelength of 1300 nm a wave 
length separation of 5 nm is required to ensure that a peak 
strain of 5000 ustrain does not cause overlap of the grating 
spectra. Therefore, for a source with approximately a 100 
nm tuning range, twenty (20) FBG sensors could be used. In 
operation, the light from tunable laser 42 is injected into 
fiber 22 and coupled to the series array of FBG, ..., FBG 
Each FBG sensor of FBG, . . . , FBG is separated by 
baseline differences which may differ. In the present 
example, it is assumed for simplicity that the distance, L, 
between FBG sensors of FBG, ..., FBGwis approximately 
equal. 
As previously described, the phase of the RF subcarrier 

signal of the reflected light (that is, the returned optical 
signal) from each FBG sensor of FBG, . . . , FBG is 
detected by phase meter 56 and compared by phase meter 56 
with a reference componentatf. A detected phase change 
in the phase of the RF subcarrier signal indicates a change 
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8 
in the optical propagation time caused by a strain on fiber 22. 
Preferably, the modulation frequency and round-trip propa 
gation delay between tunable laser 42 and the first FBG 
sensor, FBG, are set so that the reference signal and 
reflected light are nominally in-phase (that is, having a phase 
difference of 2 mTL with m being an integer). Also, the 
round-trip phase delay between the first FBG sensor, FBG, 
and subsequent FBG sensors of FBG, . . . , FBG is 
preferably set to be an integer value of 21L. 

Therefore, the laser wavelength of tunable laser 42 is 
tuned to the wavelength of FBG, and a signal-reference 
phase reading is recorded from phase meter 56. This phase 
difference reading serves as a reference phase measurement. 
The laser wavelength of tunable laser 42 is then tuned to the 
wavelength of FBG and a phase reading is again 
recorded. This process is repeated for each subsequent FBG 
sensor. The difference in phase readings for adjacent FBG 
sensors of FBG, ..., FBG is calculated and stored. Strain 
applied to a fiber section between two FBG sensors of FBG 
..., FBG modifies the optical propagation time in fiber 22, 
and thereby results in a change in the measured RF phase 
delay. 
An RF signal is preferably used to modulate the light 

projected into fiber 22 since the relatively long wavelength 
of an RF signal allows for relatively easy measurement of 
the phase shift caused by strain on fiber 22. Of course, 
modulating the light projected into fiber 22 with an RF 
signal will inherently cause a wavelength shift in the com 
bined signal due to the mixing of the RF signal with the 
light. This wavelength shift should be considered when 
selectively addressing a specific FBG sensor. However, the 
inherent wavelength shift will typically be negligible since 
the RF signal has a much longer wavelength than would any 
optical signal carrier. Moreover, the light transmitted into 
fiber 22 can be selected to be slightly higher or slightly lower 
than the Bragg wavelength of a respective FBG sensor so 
that a wavelength shift caused by the mixing of the RF signal 
with the light will cause the RF modulated light to be at 
approximately the Bragg wavelength of a respective FBG 
SenSO. 

The sensitivity of the sensing system depends on the fiber 
length, and the RF modulation frequency f. The differ 
ence in phase between two FBG sensors is given by the 
following Equation 1: 

where n is the fiber index, c is the velocity of light, and Lis 
the fiber length between the two FBG sensors. The change 
in fiber strain ex 1 v between FBG sensors FBG and 
FBG is given by the following Equation 2: 

where is a strain-optical parameter which is dependent on 
the photoelastic coefficients of the fiber. For example, 5 
equals 0.78 for silica fibers. 
As an example of the sensing system sensitivity, for a ten 

(10) meter fiber section between adjacent FBG sensors, a 
1000 ustrain (0.1%) strain on the fiber produces approxi 
mately a 10° phase shift. A phase meter with a 0.01° 
resolution would thus provide a strain resolution of approxi 
mately one (1) pustrain. In the above Equation 1 and Equation 
2, the effect of the wavelength dependence of the fiberindex 
is ignored, thereby giving rise to a slight phase offset in the 
phase readings as tunable laser 42 is tuned to each FBG 
sensor, but this will have only a limited, second-order effect 
of the operation of the sensing system. 
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The sensing system illustrated in FIG. 4 utilizes a tunable 
laser as a light source. However, a broadband source can be 
used as the light source, instead of using a tunable laser. FIG. 
5 is a diagram illustrating a sensing system using a broad 
band source, according to an embodiment of the present 
invention. A conventional broadband source 62 projects 
broadband light into fiber 22. A conventional RF modulator 
63 modulates the broadband light projected by broadband 
source 62 with an RF subcarrier having a frequency off 
Each FBG sensor of FBG, . . . . FBG reflects only light 
from broadband source 62 having a wavelength correspond 
ing approximately to the Bragg wavelength of the respective 
FBG sensor. Therefore, a conventional filter 64, such as a 
Fabry-Perot filter, is selectively tuned by a tuning voltage, 
V, to a wavelength corresponding to a respective FBG 
sensor. The filtered output of filter 64 is provided to an 
electro-optic detector 50, and to a conventional peak detec 
tor 68 which measures the peak of the reflected signal to 
determine the wavelength of light reflected from a respective 
FBG sensor in the manner above described. From an a priori 
knowledge of the unstressed center frequency of the Bragg 
gratings, one can use this wavelength to determine the strain 
at any of the respective FBG sensors, as in the conventional 
sensing systems described above. In addition, the filtered 
output of filter 64 is provided to a conventional phase meter 
70, which also receives the RF subcarrier from RF modu 
lator 63 as a reference signal. Output 71 of phase meter 70 
can then be processed as would be the output of phase meter 
56 in FIG. 4 to determine the integral stresses e2, e3, etc., 
between gratings. 

FIG. 6 is a diagram illustrating an experimental setup 
which was used to test a sensing system using RF subcarrier 
modulation to modulate light projected from a light source. 
As illustrated in FIG. 6, light from a conventional RF driven 
broadband ELED source 74 passed through a conventional 
input 3 dB coupler 76 and illuminated two fiber Bragg 
gratings, FBG and FBG, inscribed in a fiber 22 and 
separated by twenty (20) meters of fiber. FBG and FBG 
reflected light at two independent wavelengths, A and 2. 
respectively. A fiber stretching device 78 for stretching the 
twenty meters of fiber between FBG and FBG was con 
structed as shown in FIG. 6, wherein twenty-six loops of 
fiber were wound around two one-inch diameter poles 80 
and 82 separated by a distance 2D (78). A translation stage 
84 of stretcher 78 stretched the fiber by inducing a lateral 
displacement Z. Then, for Z3D, the integrated strain e2 in 
the fiber between FBG, and FBG was determined from the 
following Equation 3: 

The reflected wavelength components from FBG and FBG 
were directed through a tunable fiber Fabry-Perot (FFP) 
filter 86 and then to a first electro-optic detector 88. The 
reflected wavelength components from FBG, and FBG 
were also directed to a second such detector 90. Filter 86 
operated as a notch filter to selectably pass reflected light 
from any Bragg grating of interest responsive to adjustment 
of the voltage V applied to filter 86. Adjustment of V 
controllably varied the frequency notch which filter 86 
passed, and power meter 91 was observed to determine the 
frequencies at which power was greatest. In this manner, the 
strain on FBG and on FBG was determined. This tech 
nique of adjusting V for addressing each FBG sensor 
demonstrated a resolution of approximately one (1) pustrain. 
The reflected signal from the two gratings were coupled 

to optical detector 90 which produced an electrical output 
corresponding to the optical subcarrier signal. The electrical 
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10 
subcarrier signal was then fed to mixer 90, which was used 
to detect the level of subcarrier modulation on the signal. 
Low pass filter 94 removed higher order double frequency 
terms. In combination, mixer 92 and filter 94 formed a 
conventional amplitude modulation (AM) demodulator. The 
output of 94 was thus a voltage which reflected the level of 
subcarrier modulation on the received optical signal 90. This 
demodulated signal was the fed to a lock-in-amplifier which 
was synchronous with an oscillator used to dither the 
frequency of the subcarrier applied to the source. The a 
subcarrier frequency was chose such that the round trip 
phase delay between the two gratings was an odd multiple 
of T. radians, causing the two reflected subcarrier compo 
nents to combine destructively, nulling the subcarrier modu 
lation on the optical signal 90. However, with a slight 
adjustment of the subcarrier frequency, the null was no 
longer attained, and a subcarrier term was detected at 90. For 
a symmetric dither of the subcarrier about the null point, the 
lock-in-amplifier detected no component at the dither 
frequency, whereas for a dither about a subcarrierfrequency 
not aligned with the null point, the lock-in-amplifier 
detected a signal and provided a feedback, or error signal, 
to the differential amplifier 98, and onto the subcarrier 
voltage controlled oscillator 100. This error signal corrected 
the subcarrier frequency, such that the mean subcarrier 
frequency was aligned with the null point in the detected 
subcarrier level at 90. In this way, members 93, 96, 98 acted 
as a simple servo loop to trim the frequency of oscillator 
100, and maintain the null condition at detector 90. A change 
in length of the fiber between the two gratings, induced by 
fiber stretcher 78 resulted in the generation of an error signal 
97, and thus a shift in the subcarrier frequency which 
indicated strain in the fiber. 
As the twenty meters of fiber between the FBG and 

FBG was strained, the elongated path induced an apparent 
phase shift in the amplitude modulated signal received from 
FBG. This induced phase shift forced a frequency shift in 
the RF drive to maintain a nulled signal at the mixed output 
of mixer 92. This frequency shift is proportional to the 
optical path length change and therefore to the integrated 
strain over the fiber length. 

FIG. 7 is a graph illustrating a frequency shift observed 
with the experimental setup in FIG. 6 for several calculated 
fiber strains applied between FBG and FBG. As illustrated 
by FIG. 7, good linearity for fiber strain applied between 
FBG and FBG was observed up to 4000 pustrain, and with 
a strain resolution of approximately 25 ustrain. 

FIG. 8 is a graph illustrating a time response observed 
with the experimental setup in FIG. 6 as the twenty meters 
offiber between FBG and FBG was strained. As illustrated 
by FIG. 8, the output of lock-in amplifier 96 was monitored 
over ten minutes as strains of 1390 and 2740 ustrain were 
applied and accurately detected. 

According to embodiments of the present invention, 
wavelength division-based addressing is used to selectively 
address individual FBG sensors of an FBG sensor array 
inscribed in a fiber, and an RF subcarrier is used to deter 
mine the optical propagation time between two respective 
FBG sensors of the FBG sensor array. This optical propa 
gation time is then used to calculate the integrated strain 
over the fiber length between the two respective FBG 
sensors. This approach can be used in conjunction with the 
conventional technique of point-by-point strain 
measurements, where strain on a respective FBG sensor is 
determined from the wavelength of light reflected by the 
respective FBG sensor. Thus, a fiber optic sensor system can 
be used to measure the strain between individual FBG 
sensors and/or the strain on individual FBG sensors. 
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According to embodiments of the present invention, an 
integrated (path averaged) fiber strain can be determined 
between any of a series of FBG sensors inscribed in a fiber. 
The technique utilizes RF subcarrier based determination of 
the optical propagation time between FBG sensors, and 
wavelength division-based addressing of the individual FBG 
sensors. This technique could be used in applications where, 
in addition to addressing point-by-point strain, the averaged 
strain between FBG sensors is required. 

In FIG. 4, strain detection unit 61 comprises tunable laser 
42, intensity modulator 44, RF drive 46, coupler 48, detector 
50, peak detector 52, wavelength controller 54, phase meter 
56, sample-hold device 58 and strain computation unit 60. 
Thus, in FIG. 4, strain detection unit 61 detects the strain 
between respective FBG sensors of FBG, . . . . FBG 
inscribed in fiber 22. However, strain detection unit 61 of 
FIG. 4 is not intended to be limited to comprising tunable 
laser 42, intensity modulator 44, RF drive 46, coupler 48, 
detector 50, peak detector 52, wavelength controller 54, 
phase meter 56, sample-hold device 58 and strain compu 
tation unit 60. Instead, a person skilled in the art can design 
a strain detection unit having different components and 
various combinations of components. Similarly, FIG. 5 
illustrates strain detection unit 71 as comprising broadband 
source 62, filter 64, RF modulator 63, peak detector 68 and 
phase meter 70. However, strain detection unit 71 is not 
intended to be limited to these specific components. 

According to embodiments of the present invention, the 
optical propagation time between FBG sensors is measured 
by detecting the phase of an RF modulated subcarrier. Many 
different phase measurement techniques are possible and the 
present invention is not intended to be limited to the specific 
phase measurement techniques described herein. For 
example, phase measurement techniques may include 
subcarrier/modulated interferometry techniques. 

Moreover, although FIG. 4 illustrates an external modu 
lator (that is, intensity modulator 44) modulating the light 
transmitted into fiber 22, the light transmitted into fiber can 
be modulated by using direct modulation instead of an 
intensity modulator. 

Although a few preferred embodiments of the present 
invention have been shown and described, it would be 
appreciated by those skilled in the art that changes may be 
made in these embodiments without departing from the 
principles and spirit of the invention, the scope of which is 
defined by the claims and their equivalents. 
What is claimed is: 
1. A sensing apparatus comprising: 
a fiberinscribed with a first fiber Bragg grating sensor and 

a second fiber Bragg grating sensor; and 
a strain detection unit detecting the strain between the first 

fiber Bragg grating sensor and the second fiber Bragg 
grating sensor; 

wherein the strain detection unit detects the strain on the 
first fiber Bragg grating sensor and the strain on the 
second fiber Bragg grating sensor in addition to the 
strain between the first fiber Bragg grating sensor and 
the second fiber Bragg grating sensor. 

2. A sensing apparatus comprising: 
a fiberinscribed with a first fiber Bragg grating sensor and 

a second fiber Bragg grating sensor; and 
a strain detection unit detecting the strain between the first 

fiber Bragg grating sensor and the second fiber Bragg 
grating sensor; 

wherein the first fiber Bragg grating sensor and the second 
fiber Bragg grating sensor each have a corresponding 
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Bragg wavelength and reflect light which is at approxi 
mately the corresponding Bragg wavelength, the strain 
detection unit adapted for: 
projecting light into the fiber at approximately the 

Bragg wavelength corresponding to the first fiber 
Bragg grating sensor, effective to cause the light at 
approximately the Bragg wavelength of the first fiber 
Bragg grating sensor to be reflected by the first fiber 
Bragg grating sensor, 

projecting light into the fiber at approximately the 
Bragg wavelength corresponding to the second fiber 
Bragg grating sensor, effective to cause the light at 
approximately the Bragg wavelength of the second 
fiber Bragg grating sensor to be reflected by the 
second fiber Bragg grating sensor, and 

determining the strain between the first fiber Bragg 
grating sensor and the second fiber Bragg grating 
sensor based on the optical propagation time of the 
light projected into the fiber and reflected by the first 
fiber Bragg grating sensor and the optical propaga 
tion time of the light projected into the fiber and 
reflected by the second fiber Bragg grating sensor. 

3. A sensing apparatus as in claim 2, wherein the strain 
detection unit comprises a light source for projecting light 
into the fiber, the light source being one of a tunable laser 
and a broadband light source. 

4. A sensing apparatus as in claim 2, wherein the strain 
detection unit further comprises: 

a modulator modulating the light projected into the fiber 
at approximately the Bragg wavelength corresponding 
to the first fiber Bragg grating sensor and the light 
projected into the fiber at approximately the Bragg 
wavelength corresponding to the second fiber Bragg 
grating sensor, with an RF signal; 

a phase detector receiving the RF signal as a reference 
signal and adapted for 

detecting, with respect to the reference signal, the phase 
of the RF signal modulated on the light projected into 
the fiber at approximately the Bragg wavelength cor 
responding to the first fiber Bragg grating sensor and 
reflected by the first fiber Bragg grating sensor, and 

detecting, with respect to the reference signal, the phase 
of the RF signal modulated on the light projected into 
the fiber at approximately the Bragg wavelength cor 
responding to the second fiber Bragg grating sensor and 
reflected by the second fiber Bragg grating sensor; and 

a strain computation unit computing the strain between 
the first fiber Bragg grating sensor and the second fiber 
Bragg grating sensor from the detected phase of the RF 
signal modulated on the light projected into the fiber 
and reflected by the first fiber Bragg grating sensor and 
the detected phase of the RF signal modulated on the 
light projected into the fiber and reflected by the second 
fiber Bragg grating sensor. 

5. A sensing apparatus as in claim 4, wherein the strain 
detection unit further comprises: 

a tunable laser for projecting light into the fiber and being 
selectively tunable to respective frequencies; and 

a laser controller detecting the wavelength of the light 
reflected by the first fiber Bragg grating sensor and 
using the detected wavelength to selectively tune the 
tunable laser to the Bragg wavelength of the second 
fiber Bragg grating sensor. 

6. A sensing apparatus as in claim 5, wherein the laser 
controller comprises: 

a peak detector detecting the intensity of the light 
reflected by the first fiber Bragg grating sensor; and 
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a wavelength controller tuning the tunable laser in accor 
dance with the intensity of the light reflected by the first 
fiber Bragg grating sensor and detected by the peak 
detector. 

7. A sensing apparatus comprising: 
a fiberinscribed with a first fiber Bragg grating sensor and 

a second fiber Bragg grating sensor; and 
a strain detection unit detecting the strain between the first 

fiber Bragg grating sensor and the second fiber Bragg 
grating sensor; 

wherein the fiber is inscribed with a plurality of sequen 
tially arranged fiber Bragg grating sensors and the 
strain detection unit detects the strain between respec 
tive adjacent fiberBragg grating sensors of the plurality 
of sequentially arranged fiber Bragg grating sensors. 

8. A sensing apparatus comprising: 
a fiber inscribed with 

a first fiber Bragg grating sensor having a correspond 
ing Bragg wavelength and which is effective to 
reflect light at approximately the corresponding 
Bragg wavelength, and 

a second fiber Bragg grating sensor having a corre 
sponding Bragg wavelength and which is effective to 
reflect light at approximately the corresponding 
Bragg wavelength; 

a light source adapted for 
projecting light into the fiber at approximately the 
Bragg wavelength corresponding to the first fiber 
Bragg grating sensor, effective to cause the light at 
approximately the Bragg wavelength of the first fiber 
Bragg grating sensor to be reflected by the first fiber 
Bragg grating sensor, and 

projecting light into the fiber at approximately the 
Bragg wavelength corresponding to the second fiber 
Bragg grating sensor, effective to cause the light at 
approximately the Bragg wavelength of the second 
fiber Bragg grating sensor to be reflected by the 
second fiber Bragg grating sensor; 

a modulator modulating the light projected into the fiber 
at approximately the Bragg wavelength corresponding 
to the first fiber Bragg grating sensor and the light 
projected into the fiber at approximately the Bragg 
wavelength corresponding to the second fiber Bragg 
grating sensor, with an RF signal; 

a phase detector receiving the RF signal as a reference 
signal and adapted for 
detecting, with respect to the reference signal, the phase 

of the RF signal modulated on the light projected 
into the fiber at approximately the Bragg wavelength 
corresponding to the first fiber Bragg grating sensor 
and reflected by the first fiber Bragg grating sensor, 
and 

detecting, with respect to the reference signal, the phase 
of the RF signal modulated on the light projected 
into the fiber at approximately the Bragg wavelength 
corresponding to the second fiber Bragg grating 
sensor and reflected by the second fiber Bragg grat 
ing sensor; and 

a strain computation unit computing the strain between 
the first fiber Bragg grating sensor and the second fiber 
Bragg grating sensor from the detected phase of the RF 
signal modulated on the light projected into the fiber 
and reflected by the first fiber Bragg grating sensor and 
the detected phase of the RF signal modulated on the 
light projected into the fiber and reflected by the second 
fiber Bragg grating sensor. 

9. A method for sensing strain on a fiber, comprising: 
providing a fiber inscribed with a first fiber Bragg grating 

sensor and a second fiber Bragg grating sensor: and 
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detecting the strain between the first fiber Bragg grating 

sensor and the second fiber Bragg grating sensor; 
wherein the first fiber Bragg grating sensor and the second 

fiber Bragg grating sensor each have a corresponding 
Bragg wavelength and reflect light which is at approxi 
mately the corresponding Bragg wavelength, the 
method further comprising: 
projecting light into the fiber at approximately the 

Bragg wavelength corresponding to the first fiber 
Bragg grating sensor, effective to cause the light at 
approximately the Bragg wavelength of the first fiber 
Bragg grating sensor to be reflected by the first fiber 
Bragg grating Sensor; 

projecting light into the fiber at approximately the 
Bragg wavelength corresponding to the second fiber 
Bragg grating sensor, effective to cause the light at 
approximately the Bragg wavelength of the second 
fiber Bragg grating sensor to be reflected by the 
second fiber Bragg grating sensor; and 

determining the strain between the first fiber Bragg 
grating sensor and the second fiber Bragg grating 
sensor based on the optical propagation time of the 
light projected into the fiber and reflected by the first 
fiber Bragg grating sensor and the optical propaga 
tion time of the light projected into the fiber and 
reflected by the second fiber Bragg grating sensor. 

10. A method as in claim 9, further comprising: 
modulating the light projected into the fiber at approxi 

mately the Bragg wavelength corresponding to the first 
fiber Bragg grating sensor and the light projected into 
the fiber at approximately the Bragg wavelength cor 
responding to the second fiber Bragg grating sensor, 
with an RF signal; 

detecting, with respect to the RF signal as a reference 
signal, the phase of the RF signal modulated on the 
light projected into the fiber at approximately the Bragg 
wavelength corresponding to the first fiber Bragg grat 
ing sensor and reflected by the first fiber Bragg grating 
Sensor; 

detecting, with respect to the RF signal as a reference 
signal, the phase of the RF signal modulated on the 
light projected into the fiber at approximately the Bragg 
wavelength corresponding to the second fiber Bragg 
grating sensor and reflected by the second fiber Bragg 
grating sensor; and 

computing the strain between the first fiber Bragg grating 
sensor and the second fiber Bragg grating sensor from 
the detected phase of the RF signal modulated on the 
light projected into the fiber and reflected by the first 
fiberBragg grating sensor and the detected phase of the 
RF signal modulated on the light projected into the 
fiber and reflected by the second fiber Bragg grating 
SeSO. 

11. A method as in claim 10, wherein a light source is 
selectively tunable to project light into the fiber at different 

55 frequencies, the method further comprising: 
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detecting the wavelength of the light reflected by the first 
fiber Bragg grating sensor; and 

using the detected wavelength to selectively tune the light 
source to the Bragg wavelength of the second fiber 
Bragg grating sensor. 

12. A method as in claim 10, further comprising: 
detecting the intensity of the light reflected by the first 

fiber Bragg grating sensor; and 
tuning the light source in accordance with the detected 

intensity. 


